1.Introduction
Cholecystokinin (CCK), first identified as a gastrointestinal hormone (Mutt and Jorpes, 1968) , is also highly expressed within the brain (Meziane et al., 1997) . Neural CCK has been implicated in a wide range of physiological processes such as emotional and motivational states, thermoregulation, nociception and cognition (Beinfeld, 2001) . Pre-pro-CCK is cleaved in smaller biologically active fragments acting as neuromodulatory peptides (Rotzinger et al, 2010) . CCK peptides activate two closely related G-protein coupled receptors, CCK 1 (CCK 1 -R) and CCK 2 (CCK 2 -R), the latter being predominant in the brain (Noble et al, 1999) .
In human, high levels of CCK have been associated with motivational loss and panic disorders (Hebb et al, 2005) , and a role for CCK has been proposed in the induction of anxiety and depression (Shindo and Yoshioka, 2005, Berna et al, 2007) , with CCK 2 -R being the main effector of CCK anxiogenic properties Koszycki, 2001, Eser et al, 2011) . In rodents, CCK 2 -R agonists increase levels of anxiety-like responses in several behavioral paradigms (Rotzinger et al, 2010) , while conversely systemic CCK 2 -R antagonists attenuate stress-induced anxiety-like behavior (Wang et al., 2011) . In addition, CCK 2 -R antagonists show antidepressant-like properties: systemic injection of a CCK 2 -R antagonist decreased behavioral despair in the forced swim test, and this effect was synergistic with the activity of the enkephalinase inhibitor RB101 (Hernando et al., 1996) . Furthermore, chronic blockade of CCK 2 -R normalized hypothalamic-pituitary-adrenal axis hyperactivity and normalized the increase in despair-like behavior elicited by repeated social defeat (Becker et al, 2008) . Concordant with pharmacological studies, genetic approaches reveal that CCK 2 -R knock-out (KO) mice display decreased levels of anxiety (Raud et al, 2005) . Moreover, transgenic mice over-expressing CCK 2 -R showed increased anxiety, as well as prolonged HPA axis activity following acute stress (Chen et al, 2010) . Finally, antagonistic interactions between CCK and opioid systems have been established in the modulation and expression of stress-related behaviors, opposing memory-enhancing and anxiogenic effects of CCK to amnesic and anxiolytic effects of opioid peptides (Hebb et al,2005) . These data also implicate CCK in reward, motivation and addictive behaviors (Lu et al, 2002 , Pommier et al, 2002 , Mitchell et al, 2006 . CCK and CCK-Rs are widely distributed throughout the rodent brain and may modulate emotional behaviors at several brain sites, notably in olfactory bulb, cerebral cortex, hippocampus, amygdala, thalamus and ventral tegmental area (Meziane et al, 1997 , Cain et al, 2003 . The amygdalar complex is implicated in the generation of emotional states, stress coding and associative learning (LeDoux, 2000) , as well as retrieval of aversive memories (Frenois et al, 2005) . In rat, local pharmacological studies have suggested a role for CCK 2 -R in the basolateral amygdala (BLA) in anxiogenic effects of CCK (Belcheva et al, 1994 , Frankland et al., 1997 . To our knowledge however, the role of CCK expressed in the BLA has not been investigated by genetic approaches. In the present study, we used a siRNAbased strategy to locally knock-down CCK. We injected in the BLA a recombinant viral vector encoding a shRNA targeting CCK and then examined behavioral consequences on emotional responses.
Experimental Procedures

AAV 2 viral vectors construction
A short hairpin (sh) RNA was designed to target the mcck gene (5′-TCAGTGACTCCCAGACCTAATGTT-3′). Recombinant AAV 2 -shCCK viral vectors were generated expressing eGFP and shCCK (AAV 2 -shCCK) under the control of CMV and mU6 promoters respectively. Control vectors encode either for eGFP alone (AAV 2 -eGFP) or for eGFP and a scramble shRNA (AAV 2 -shScramble). The shScramble sequence selected (5′-GTTGGCTCCTAGCAGATCCTA-3′) has no match in silico in the mouse genome.
AAV 2 vectors were generated by triple transfection of AAV-293 cell line (Stratagene) using (i) either pAAV-eGFP, pAAV-eGFP-shScramble or pAAV-eGFP-shCCK, (ii) pAAV-RC (Stratagene) containing rep and cap genes of the AAV 2 and (iii) pHelper (Stratagene) encoding for the adenoviral helping functions. Following 2 days cells were collected, lysed and treated with Benzonase (50U/ml, sigma, 30mn, 37°C). Viral vectors were purified by iodixanol gradient ultracentrifugation (Zolotukhin et al, 2002) followed by dialysis and concentration against Dulbecco PBS using centrifugal filters (Amicon Ultra-15 Centrifugal Filter Devices 50K). Viral particles were quantified by real time PCR using a plasmid standard pAAV-eGFP. To achieve comparable working concentrations, viruses were diluted in Dulbecco-PBS buffer to a final concentration of 3×10 11 viral genomes per ml (vg/ml) and finally stored at -80°C until use.
Behavioral experiments
2.2.1 Animals-Male C57BL/6J mice provided by Charles River (Lyon, France) were used for all the experiments. Mice were aged 8 weeks at the beginning of the experiments and housed 3-4 per cage in a 12h dark/light cycle (light from 7am to 7pm), under controlled conditions of temperature and humidity. Food and water were available ad libitum.
Experimental procedures were conducted in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) and approved by the local ethical committee (Comité Régional d'éthique en matière d′expérimentation animale de Strasbourg, CREMEAS, 2003-10-08-[1]-58).
2.2.2
Drugs-For surgery mice were anaesthetized using ketamine/xylazine (Virbac/ Bayer, 100/10 mg/kg). Morphine hydrochloride (Francopia), naloxone hydrochloride (a nonspecific opioid antagonist, Sigma) and anesthetics were dissolved in sterile isotonic saline (NaCl 0.9%). All the doses refer to salt weight and were administered in a volume of 10 ml/ kg.
Experimental procedure
Experiment 1: 12 naïve mice were unilaterally injected into the BLA with either AAV 2 -shCCK (n=6) or AAV 2 -eGFP (n=6) viral vectors. To qualitatively assess their silencing activity, we performed in situ hybridization (ISH) using Dig-labeled CCK-cRNA probes. To confirm the stability of CCK knock-down over time, Dig-ISH was performed either 2 or 6 weeks following surgery (n=3 mice/time point/viral vector). Experiment 2: 56 mice (2 independent cohorts) were bilaterally injected into the BLA with either AAV 2 -shCCK or AAV 2 -shScramble vectors (Cohort 1, n=16 mice/group; Cohort 2, n=12 mice/group) and 5 weeks later analyzed for emotional responses. Animals from the second cohort were processed only throughout tests for which an effect was observed in the first cohort. 24 hours after the last behavioral experiment, all mice were sacrificed and brains analyzed for injection accuracy and viral spread. Finally, we used Dig-ISH to qualitatively confirm the pattern of down-regulation (n=3 mice/condition) and [ 35 S]-ISH to quantify the intensity of CCK knock-down in both shCCK-and shScramble-injected mice (n=5 mice/condition).
Surgery and virus delivery-
Anesthetized mice were placed in a stereotaxic frame(Unimécanique, France). The skull was exposed and incisor bar adjusted such that bregma and lambda were at the same height. Stereotaxic injections were performed according to the Mouse Brain Atlas (Paxinos and Franklin, 2001) . To this aim, a 5μl microsyringe (SGE Analytical Science, Australia) was mounted to a micro-drive pump (Harvard apparatus, France) and connected by a PE-10 polyethylene tubing (Harvard apparatus, France) to a stainless-steel injector needle (0.47 mm external diameter). 1.5μl of purified AAV 2 viral vectors were delivered into the BLA uni-or bilaterally in experiment 1 and 2, respectively. Injection speed was 0.1μl/min, and the needle was slowly withdrawn 10 min after delivery. Following surgery, mice were single housed for 48 hours to recover and then placed back in their original home cages.
Behavioral testing-
We evaluated the effects of local CCK knock-down in 4 categories of behaviors: anxiety-like behavior, despair-like behavior, aversive place conditioning, and withdrawal syndrome, starting 5 weeks after surgery. The design of the behavioral test battery (see Figure 1 ) was adapted from previous reports (McIlwain et al, 2001 , Duangdao et al, 2009 ) and tests were ordered from less to most stressful as follows: elevated plus-maze (EPM), open field (OF), light/dark box (LD), forced swim (FST), tail suspension tests (TS), naloxone-induced conditioned place aversion (CPA), and naloxoneprecipitated withdrawal. Elevated plus-maze was placed at the beginning of the battery as recommended by Voikar et al (2004) . The inter-test intervals were selected to allow the mice to fully recover between tests. A 3-days interval was chosen between tests of the same category, a 5-days interval separate anxiety from despair behaviors, and 7-days intervals were placed before and after the naloxone-induced CPA. All behavioral tests were performed between 8am and 1pm. 
Elevated
Open Field-
The apparatus consisted of 4 equal square arenas (50×50 cm) separated by 35cm-high opaque grey Plexiglas walls. Light intensity of the room was set at 50 lux. The movement and location of the mice were analyzed by an automated tracking system (Videotrack; View Point, Lyon, France). Each mouse was introduced in an arena facing a corner and recorded for 30 minutes. The following parameters were measured to assess anxiety levels: percentage of time spent in a central zone (12×12 cm from the outer edge) and episodes of complete immobility. Total distance traveled and number of rearing and grooming episodes were used as measures of general activity.
Light/Dark box-
The apparatus consisted of two compartments (Panlab, Barcelona, Spain) connected through an open door located in the middle of a dividing wall. The light compartment (25×25×27 cm) consisted of white Plexiglas walls and floor, and was brightly illuminated by a white lamp (1500 lux). The dark compartment (25×16×27 cm) consisted of black Plexiglas walls and floor, and was illuminated by a red lamp (35 lux). Each mouse was placed in the dark compartment facing the wall opposite to the door and observed for 5 min. Total time spent in each compartment, latency to first entry and number of entries in the light compartment were recorded as anxiety parameters.
2.2.9
Forced Swim Test-Mice were individually placed for 6 min in a 5-liter beaker containing 3 liters of water. Total duration of immobility, climbing and swimming episodes were scored in 2-min bins and results were expressed as percentage of total time. Latency to first immobility episode was also quoted. Each mouse was judged immobile when it ceased struggling and remained floating motionless in the water, making only the necessary movements to keep its head above water. Experimental conditions slightly differed between the two cohorts of experimental animals. For the first cohort, light intensity of the experimental room was set at 30 lux and temperature of water at 19°C. For the second cohort, light intensity was set at 20 lux and temperature of water at 22°C; moreover, the experiment was repeated on the next day.
Tail Suspension-
This test was carried out in an automated device (MED associatesInc, St Albans, VT) consisting of 6 black boxes (14×14×25 cm). Mice were suspended 4 cm above the floor by an adhesive tape placed approximately 1 cm from the tip of the tail. Total duration of immobility was monitored during a 6-min test session. An upper and a lower threshold defined struggling (active) and immobility (passive) behaviors, respectively. The latency to the first episode of immobility was also quoted.
Naloxone-induced conditioned place aversion-Place
conditioning experiments were performed in unbiased computerized boxes (Imetronic, Pessac, France) formed by two Plexiglas chambers (15.5×16.5 cm) separated by a central alley (6×16.5 cm). Compartments differed in floor texture and wall shapes. Dim light (30 lux) was used in the room to minimize levels of anxiety. On day 1, mice were allowed to freely explore the apparatus for 15 min. The drug-paired chambers were assigned in such way that saline and naloxone groups were counterbalanced and unbiased toward contextual cues. Conditioning phase lasted 3 days. On days 2, 3 and 4 (8.30 am) all mice received a subcutaneous (s.c.) injection of saline and were confined to the vehicle-paired chamber for 30 min. On the same days (4 hours later, 12:30 pm), mice received an injection of either naloxone (1mg/kg s.c.) or saline and were confined to the drug-paired chamber for 30 min. The testing phase was conducted on day 5. Mice were placed in the neutral central alley and allowed to explore the apparatus for 15 min. Time spent in each chamber was recorded. Results were expressed as the percentage of time spent in the drug-paired compartment [% time spent in the drugpaired compartment = (time spent in the drug-paired compartment)/(time spent in both compartments) × 100].
2.2.12
Naloxone precipitated-withdrawal-shCCK and shScramble injected mice were daily injected (8.00 am) with either morphine (30mg/kg i.p.) or saline during 7 days. On day 7, all mice received a naloxone injection (1mg/kg s.c.) two hours after the last morphine/saline administration. Each mouse was immediately placed into a Plexiglas transparent box (15×15×30 cm) and observed individually during 20 min for signs of withdrawal (Matthes et al, 1996 , Frenois et al., 2002 . Numbers of jumps, front paw tremors, scratches, rearings, groomings, and genital lick episodes were counted. Body tremor, ptosis, mastication, and piloerection were scored 1 for appearance or 0 for nonappearance within 5 min bins. Locomotor activity over 5 min periods was rated from 0 for inactivity to 2 for high activity. A global score of withdrawal was calculated for each mouse taking into account the relative weight of each sign (adapted from Berrendero et al., 2003) : (horizontal activity + rearings + scratches + genital licks + groomings) ×0.5 + (jumps + front paw tremors + sniffings) ×1 + (body tremors + ptosis + teeth chattering + piloerection) ×1.
In situ hybridization
2.3.1 CCK-cRNA probes preparation-DNA template for CCK cRNA-probes (258-600,343bp) was generated by RT-PCR (Sigma, forward primer: 5′-CTGTACCCAAGCTTGATACATCCAGCAGGTCCGCAAA-3′, reverse primer:5′ -TTTCCTTGGGAATTCAGGAAACACTGCCTTCCGACCAC-3′) using total mouse brain RNA extracted by TRIzol reagent (Invitrogen, Cergy Pontoise, France) according to the manufacturer's instructions. The template was cloned into pcDNA3 (Invitrogen) and verified by sequencing. Sequence probe alignment was confirmed with BLASTN 2.2.18 software (http://blast.ncbi.nlm.nih.gov, NCBI). Next, CCK-cDNA plasmid (20μg) was linearized by enzymatic digestion of EcoRI for sense probe and HindIII for anti-sense probe, and linearized DNA (1μg) was transcribed using T7 or Sp6 RNA polymerases (Promega) for sense and anti-sense probes production respectively. For Dig-labeled probes, DIG RNA labeling mix 1X(Roche) was used according to manufacturer's specifications. Quality of the RNA was evaluated by agarose gel electrophoresis (RiboRuler Low Range RNA ladder, Fermentas) and concentration determined by spectrophotometry (Nanodrop Labtech ND-1000). For radiolabeled-probes, CTP-αS 35 radionuclides (PerKinElmer) were added to the synthetizing mix. S 35 -probes were purified by gravity-flow chromatography on illustra NICK Columns (GE Healthcare) and specific activity was measured using a topcount apparatus(Packard).
Tissue preparation-Mice
were sacrificed by cervical dislocation, brains were rapidly removed, frozen in OCT (Optimal Cutting Temperature medium, Thermo Scientific) and stored at -80°C until use. Coronal brain sections (20μm) were obtained for BLA (-0.8 to -1.8 mm from bregma) according to the mouse brain atlas (Paxinos and Franklin, 2001) using a cryostat microtome (Leica CM3500) at -20°C. Slides were mounted onto Superfrost slides (Thermo Scientific) and immediately fixed at room temperature (RT) for 15 min with 4% paraformaldehyde (PFA), 0.1M phosphate buffer (PB, pH 7.4). Fixed sections were then washed in 0.1M PB for 15 min, air-dried and stored at -80°C until use.
In situ hybridization (ISH)-Digand [ 35 S
]-labeled RNA probes were used for ISH, following the methods previously described by Chotteau-Lelievre et al (2006) . Briefly, fixed brain sections kept at -80°C were thawed at RT for 30 min and rehydrated in 1× PBS for 10 min. Sections were then incubated at 65°C for 16h in a hybridization mix [formamide 50% (molecular biology grade, Sigma-Aldrich); dextran sulfate 10%; Denhardt's 1×; tRNA 1mg/ml (from Baker's yeast, Sigma-Aldrich); NaCl 300mM; Tris-HCl 20mM pH 6.8; EDTA 5mM; NaH 2 PO 4 5.4mM; Na 2 HPO 4 4.6mM; plus 10 mM DTT for radioactive ISH] with either Dig-or S 35 -labeled RNA probes at the concentrations of 1.5ng/μl or 20,000 cpm/μl, respectively. DIG-labeled brain sections were afterward incubated with an alkaline phosphatase-labeled anti-DIG antibody (1:1500, Roche) in blocking solution [2% Roche blocking; 20% heat inactivated goat serum, MABT 1×]. Staining was performed with Nitroblue tetrazolium and bromo-chloro-indolyphosphate (NBT/BCIP) as color substrates by incubating the slides in staining solution [polyvinyl alcohol 0.5% (Sigma-aldrich); NaCl 100mM; Tris-HCl 100mM pH 9.5; MgCl 2 50mM; Tween20 0.1%; NBT 0.35% (Roche); BCIP 0.35% (Roche)] at RT under light-protected conditions until the signal becomes visible (12h). Next, slides were washed 2×10 min (PBS 1×, 1mM EDTA), air-dried and mounted with Eukitt (VWR). To generate autoradiograms, [ 35 S]-labeled brain sections were exposed to Kodak Biomax MR films (Sigma-Aldrich) at -80°C for seven days, simultaneously with a [ 14 C] standard (ARC 0146; American Radiolabeled Chemicals). Films were developed with a Kodak MIN-R Processor (Carestream Health).
Image analysis-Brain sections
were observed under epifluorescent microscopy (Leica) and autoradiograms under a macroscope and bright lighting. In both cases, images were acquired with a CCD camera (CoolSNAP, Roper Scientific). For autoradiograms, 10 brain sections of each mouse were individually captured as high resolution (600 dpi) 8-bit images. In each section, ImageJ was used to bilaterally draw regions of interest (ROI) and measure mean grey levels in (i) the BLA, where the GFP signal was previously detected, (ii) the striatum, a region lacking CCK mRNA (Schiffmann and Vanderhaeghen, 1991, Meziane et al, 1997) and (iii) the retrosplenial agranular cortex (RSA). Grey level values were then transformed into relative radioactive counts by calibration with the co-exposed [ 14 C] standard using a Rodbard non-linear regression curve. As recommended by Ambesi-Impiombato et al (2003) , radioactive value in the striatum, corresponding to non specific hybridization, was subtracted to both BLA and RSA. As CCK mRNA expression level in RSA was not affected by viral vector injections in the BLA (shScramble group: 92.1 ± 11.8 nCi/g; shCCK group: 94.2 ± 8.7 nCi/g), normalized BLA radioactive values were calculated by dividing BLA value by that in the RSA of the same section.
Statistical analysis
Statistical analysis were performed with Statistica software v8 (www.statsoft.com) and Graph-Pad Prism software v5 (www.graphpad.com). All data are expressed as mean group value ± S.E.M. and statistical significance was defined as p<0.05. Unpaired Student's t-test (two-tailed) was used to compare AAV 2 -shCCK vs. AAV 2 -shScramble injected mice in autoradiographic film quantification. As regards to behavioral experiments, a two-way ANOVA was used for EPM with Cohort and shRNA as between-group factors, and time spent in and number of entries to the open and closed arms as within-group factors. A oneway ANOVA was used in the FST for Cohort 1 to compare immobility and latency time between injected mice, and a two-way ANOVA with repeated measures for bin comparisons. In cohort 2, a two-way ANOVA with repeated measures was used with shRNA as between-group factor and days/bins as within-group factor. For both cohorts, significant main effects were followed by post-hoc test (Newman Keuls). Place conditioning data were analyzed using a three-way ANOVA with Cohort, shRNA and treatment as between-group factors and session (pre-vs. post-conditioning) as within-group factor. Data from the scoring of somatic signs of withdrawal were analyzed using two-way ANOVAs with treatment and shRNA as group factors. One-way ANOVA were also used to analyze the data from the open field, light/dark box and tail suspension tests. Extreme studentized deviate (ESD) method was used to determine significant (p<0.05) outliers. 2 mice/group were excluded in cohort 1 during the forced swim test.
Results
CCK down-regulation in the BLA in vivo
In experiment 1 we evaluated the efficacy of AAV 2 -shCCK viral vector in vivo. Animals were injected unilaterally in the BLA with either AAV 2 -shCCK or control AAV 2 -eGFP vectors (see Methods). Two or 6 weeks following surgery, brain sections at the level of the BLA were analyzed for cellular integrity, eGFP fluorescence and CCK mRNA expression. Representative images are shown in Figure 2 . For all animals, we found intact DAPI staining and a strong expression of eGFP, confirming the absence of toxicity due to surgery or viral infection and robust transgene expression, respectively. Using AAV 2 -eGFP ( Figure  2 , top panels), CCK mRNA levels were comparable between injected and contra-lateral noninjected BLAs (data not shown), indicating that surgery and viral infection have no nonspecific effect on CCK expression. On the contrary, 2 or 6 weeks after the surgery, the mcck transcript was strongly decreased in AAV 2 -shCCK treated mice at the site of injection (Figure 2, bottom panels) . CCK down-regulation perfectly overlapped the viral spread after 2 and 6 weeks, as revealed by eGFP detection, demonstrating efficacy and stability of shRNA-induced CCK down-regulation in the BLA. The extent of down-regulation was quantified in a further experiment (experiment 2), after behavioral testing (see below).
Behavioral effects of CCK down-regulation in the BLA
In experiment 2 we prepared two cohorts of animals injected bilaterally with either AAV 2 -shCCK or AAV 2 -shScramble (see Methods) and examined emotional responses in either an extended (cohort 1) or more limited (cohort 2) test series (see Figure 1 ).
Anxiety like-behavior-We first examined whether CCK mRNA down-regulation in BLA influences levels of anxiety. In the EPM, data from the two cohorts showed no statistical difference and were pooled (Figure 3) . AAV 2 -shCCK injected mice spent more time (Cohort: F (1,40) = 3.92, NS; shRNA: F (1,40 )=1.89, NS; arms: F (1,40) =25.19, p<0.001; shRNA × arms interaction F (1,40) = 8.44, p<0.01) and entered more often in open arms (Cohort: F (1,40) = 3.58, NS; shRNA: F (1,40) = 0.93, NS; arms: F (1,40) =24.04, p<0.001; shRNA × arms interaction F (1,40) = 19.04, p<0.001) as compared to AAV 2 -shScramble injected controls ( Figure 3A ). This indicates that AAV 2 -shCCK treatment resulted in decreased anxiety-like behavior. Accordingly, time (Cohort: F (1,40) =0.69, NS; shRNA: F (1,40) =8.50, p<0.01) and entry (Cohort: F (1,40) =3.99, NS; shRNA: F (1,40) =16.63, p<0.001) ratios were increased in AAV 2 -shCCK injected mice ( Figure 3A) . Total distance traveled in the maze was similar between groups (Cohort: F (1,40) =3.03, NS; shRNA: F (1,40) =0.11, NS), suggesting that CCK knock-down had no effect on locomotor activity ( Figure 3A) . AAV 2 -shCCK injected mice also showed increased risk-taking behavior, as illustratedin Figure 3B . These mice displayed increased total number of head-dips (Cohort:F (1, 40) Animals from Cohort 1 were further tested for anxiety-like behavior in the open fieldand the light/dark box. No significant difference between AAV 2 -shCCK and AAV 2 -shScramble groups was found in these tests (Table 1) .
Despair-like behavior-We next analyzed the effects of CCK mRNA down-regulation in BLA on despair behavior in the forced swim test. In the first animal cohort ( Figure 4A) , AAV 2 -shCCK injected mice showed less immobility time as compared to AAV 2 -shScramble injected mice (F (1, 19) =17.87, p<0.001), suggesting a reduction in despair-like behavior. When split into 2-min time bins, differences in immobility time appeared significant during the last two bins (shRNA: F (1, 19) =17.87, p<0.001; Bins: F (2,38) =81.52, p<0.001; Newman Keuls: Bin 1, NS; Bin 2, p<0.01; Bin 3, p<0.05). No significant difference between groups was detected for latency to the first immobility episode (F (1, 19) =0.68, NS).
In the second animal cohort, tested under less stressful conditions ( Figure 4B ), repeated measure ANOVA revealed a significant decrease of total immobility in AAV 2 -shCCKtreated mice as compared to AAV 2 -shScramble-treated animals on the second day of testing, and a significant effect of test repetition only in AAV 2 -shScramble injected mice (shRNA: F (1,17) =9.68, p<0.01; Days: F (1,17) =17.98, p<0.001; Newman Keuls: shScramble day1 vs. day2, p<0.01; shCCK day1 vs. day2, NS; day 1 shScramble vs. shCCK, NS; day 2 shScramble vs. shCCK, p<0.001). When split into 2-min time bins, differences in immobility time also appeared significant on the second day of testing (day 1 shRNA: F (1,17) =3.75, NS; bins: F (2,34) =90.66, p<0.001; day 2 shRNA: F (1,17) =11.34, p<0.01; bins: F (2,34) =16.07, p<0.001). Latency to the first immobility episode was increased in shCCKinjected mice on day 1 (shRNA: F (1,17) =4.54, p<0.05; Days: F (1,17) =121.76, p<0.001; Newman Keuls: shScramble day1 vs. day2, p<0.001; shCCK day1 vs. day2, p<0.001; Day 1 shScramble vs. shCCK, p<0.05; Day 2 shScramble vs. shCCK, NS). Altogether, these results suggest that down-regulating CCK expression in the amygdala decreases despair-like behavior.
Animals from Cohort 1 were further tested in the tail suspension paradigm No statistical difference was detected for any behavioral parameter in this test (Table 1) .
Aversive place conditioning-We evaluated the ability of AAV 2 -shCCK injected mice to acquire conditioned place aversion (CPA) to naloxone. Statistical analysis showed no significant effect of cohort (cohort: F (1,36) 0.39, NS) and data from the two cohorts were pooled ( Figure 5 ). ANOVA revealed a significant effect of naloxone treatment and conditioning sessions (treatment: F (1, 36) =7.20, p<0.01; session F (1, 36) =11.57, p<0.001; session × treatment interaction F (1, 36) =9.08, p<0.01), indicating that naloxone produced conditioned place aversion under our experimental conditions. There was no effect of AAV 2 -shCCK injections (shRNA: F (1,36) =1.45, NS) and no interaction with naloxone treatment (shRNA × treatment interaction fF (1, 36) =0.05, NS). Post-hoc analysis indicated that the AAV 2 -shScramble naloxone-treated post-conditioning group was significantly different from both AAV 2 -shScramble naloxone-treated pre-conditioning group (p<0.001) and AAV 2 -shScramble saline-treated post-conditioning group (p<0.01). On the contrary, the AAV 2 -shCCK naloxone-treated post-conditioning group were neither different from AAV 2 -shCCK naloxone-treated pre-conditioning (p>0.05) nor AAV 2 -shCCK saline-treated postconditioning (p>0.05) groups, suggesting that AAV 2 -shCCK mice did not show a strong aversion to the naloxone-paired compartment and that CCK down-regulation in the BLA reduces aversive place conditioning.
Physical dependence to morphine-Finally, we examined the effects of CCK downregulation on somatic signs of morphine-precipitated withdrawal. A significant morphine withdrawal syndrome was observed after naloxone administration in both AAV 2 -shCCK and AAV 2 -shScramble injected mice (horizontal activity: shRNA F (1,12) =0.00, NS; treatment F (1, 12) =8.54, p<0.01; rearing: shRNA F (1,12) =2.18, NS; treatment F (1, 12) =30.93, p<0.001; jumping: shRNA F (1,12) =1.17, NS; treatment F (1, 12) =26.34, p<0.001; front paw tremors: shRNA F (1,12) =1.40, NS; treatment F (1, 12) =42.46, p<0.001; scratches: shRNA F (1,12) =0.04, NS; treatment F (1, 12) =12.94, p<0.01; genital licks: shRNA F (1,12) =0.45, NS; treatment F (1, 12) =2.17, NS; grooming: shRNA F (1,12) =0.08, NS; treatment F (1, 12) =13.25, p<0.01; body tremor: shRNA F (1,12) =0.33, NS; treatment F (1, 12) =8.33, p<0.01; ptosis: shRNA F (1, 12) =0.20, NS; treatment F (1, 12) =88.20, p<0.001; mastication: shRNA F (1,12) =0.00, NS; treatment F (1, 12) =338.00, p<0.001; piloerection: shRNA F (1,12) =0.00, NS; treatment F (1, 12) =450.00, p<0.001) (see Table 2 ). Two-way ANOVA analysis of global withdrawal score ( Figure 6 ) showed a significant effect of treatment (F (1,12) =10.10, p<0.001) but no effect of shRNA injection (F (1, 12) =0.17, NS). Thus the viral treatment had no effect on somatic signs of morphine withdrawal.
Accuracy and efficiency of CCK down-regulation in the BLA in behaviorally tested animals
In experiment 2, after the last behavioral experiment, we examined accuracy of viral injections in the BLA (Figure 7) . Most animals showed viral expression in the BLA and animals showing absent or misplaced eGFP expression were excluded from statistical analysis (Cohort 1: 7 mice; Cohort 2: 5 mice, Figure 7A ). Qualitative ISH confirmed CCK down-regulation ( Figure 7B) . Quantification was performed using [ 35 S]-ISH and showed a significant 35% reduction of CCK mRNA probe binding in the BLA (Unpaired Student's ttest, t=3.17, p<0.01) of AAV 2 -shCCK injected mice, as compared to controls (AAV 2 -shScramble) ( Figure 7C ). Together with experiment 1, therefore, these results confirm efficient -although partial-down-regulation of CCK expression in the BLA throughout the behavioral analysis.
Discussion
The aim of the present study was to examine the role of CCK expressed at the level of the basolateral nucleus of the amygdala in negative emotional responses. We used a local shRNA approach to evaluate the implication of amygdalar CCK in several behavioral responses, including anxiety and despair-like behaviors, aversive place conditioning and morphine withdrawal syndrome.
CCK has been largely implicated in anxiety-related behaviors as demonstrated in human studies (Berna et al., 2007 , Eser et al, 2011 , as well as in animal models using either pharmacological (Rotzinger et al., 2010 , Wang et al, 2011 or genetic approaches (Dauge et al, 2001 , Raud et al., 2005 , Chen et al., 2010 . Our data from the EPM experiments showed a significant enhancement of exploration in the open arms and increased risk-taking behavior in two independent cohorts of mice with down-regulated amygdalar CCK. The observed effects are not attributable to general activity changes, because shRNA treatment produced no change in total locomotor activity in this test. Our results therefore show that CCK down-regulation decreases levels of anxiety, in agreement with the well-established anxiogenic role of CCK in previous reports. Notably, we found no effect of the CCK knockdown in two other behavioral models of anxiety, the open field and the light/dark box. This could be due to handling and test history effects, as previously reported by Voikar et al (2004) , or to qualitative and quantitative differences across the three anxiety tests (Cryan and Holmes, 2005) . All three models are primarily based on free exploration of novel environments, but involve different stressful stimuli (Ramos, 2008) , therefore similar levels of anxiety may express differently across these tests (van Gaalen and Steckler, 2000) . Further, distinct genes () and brain networks (Turri, 2001 ) and brain networks (Menard and Treit, 1999) contribute to the behavioral responses across tests, and amygdala may be a stronger contributor to behaviors in the EPM under our experimental conditions. Finally, the EPM generally represents a more stressful situation for mice (Holmes et al, 2003) compared to the open field or light/dark box, which may be a more favorable situation to reveal decreased anxiety in mice with down regulated CCK.
The observation that local CCK down-regulation, specifically at the level of BLA, strongly modifies behavioral parameters in the EPM reveals a main role for amygdalar CCK in the regulation of anxiety. This is consistent with the notion that high CCK activity in the amygdala is associated with high levels of anxiety. Sherrin et al (2009) demonstrated that both CCK mRNA expression levels and CCK 2 -R immunoreactivity were elevated in BLA of mice presenting anxiogenic responses in the open field and EPM test, both elicited by pretreatment with an agonist for corticotrophin-releasing factor receptor 1. Also, studies in rats showed that local activation of amygdalar CCK 2 -R reduced time spent in open arms of the plus-maze (Belcheva et al, 1994) and potentiated the startle response in the acoustic startle test (Frankland et al., 1997) . These studies together with our data suggest that CCK acting at local CCK 2 -R receptors of the BLA increases levels of anxiety. This mechanism is in accordance with anatomical and electrophysiological studies indicating that CCK and CCK 2 -R are mainly expressed in GABAergic interneurons of the BLA (Chung and Moore, 2009, Jasnow et al., 2009) . Altogether therefore, the data suggest that a large part of anxiogenic activity of the CCK system operates via local mechanisms within the BLA, likely at the level of GABAergic interneurons. We cannot exclude, however, that CCK possibly expressed at thelevel of glutamatergic neurons in the BLA (Mascagni and McDonald, 2003) and acting atreceptors in BLA projections areas may also be involved, and this will be investigated in future studies. In addition, CCK expressed in cortical afferent neurons to the BLA may alsocontribute to regulate anxiety-like behaviors upstream the BLA within the cortico-amygdala circuitry.
The CCK system was also involved in depressive-related behaviors, although this aspect of CCK function is less-well documented. Polymorphisms of the CCK gene were associated with susceptibility for suicidal behavior (Shindo and Yoshioka, 2005, Berna et al, 2007) . In preclinical studies, systemic administration of CCK 2 -R antagonists decreased immobility in the forced swim test after chronic social defeat (Becker et al, 2008) , with synergistic effects of the enkephalinase inhibitor RB101 (Hernando et al., 1996) . In agreement with these previous reports, our data show a reduction of despair-like behavior upon AAV 2 -shCCK treatment in the forced swim test. The antidepressant-like effect of CCK down-regulation was not detected in the tail suspension test. The two tests share common predictive validity (Kulkarni and Dhir, 2007) but show different sensitivities in response to experimental manipulations and environmental factors (Miller et al, 2010) and engage different neurochemical substrates (Renard et al, 2003) , particularly in C57Bl6/J mice used in the present study (Mineur et al, 2006 , Goeldner et al., 2011 . Importantly, our finding that local CCK down-regulation specifically in the BLA reduces despair behavior in the forced swim test demonstrates for the first time a key role for amygdalar CCK in depressive-like responses. As for anxiety-related behaviors, the modulation of depressive states by CCK expressed at the level of the BLA may recruit local mechanisms, which requires further investigation.
Finally CCK was also involved in aversive responses Roques, 1998, Mitchell et al, 2006) and we evaluated the effect of local CCK mRNA down-regulation in two aversive situations, i.e. place aversion induced by naloxone and the physical consequences of morphine withdrawal. AAV 2 -shCCK injected mice showed a trend toward reduced place aversion in the naloxone-induced CPA paradigm, suggesting that CCK either contributes to aversive properties of naloxone or participates in place learning (LejMerrer et al, 2011) , at least partially. Further investigations will be necessary to clarify whether decreased naloxone-CPA may reflect a role of amygdalar CCK in cognition or hedonic homeostasis. We otherwise found no effect of amygdalar CCK down-regulation in somatic signs of morphine withdrawal, although naloxone-precipitated withdrawal was increased in CCK 2 -R KO mice (Pommier et al, 2002) . It is likely that local CCK in the amygdala does not substantially contribute to the physical withdrawal syndrome, which engages many transmitter systems throughout the brain (Koob and Volkow, 2010) .
In conclusion, this study establishes that CCK produced at the level of amygdala increases levels of anxiety and favors despair behavior, possibly via local activity. This neural mechanism may contributes to mood homeostasis in humans, and be a causal factor in panic disorder and depression.
Del Boca et al, Highlights
• Cholecystokinin (CCK) was knocked-down in the baso-lateral amygdala using a shRNA.
• Amygdalar CCK knock-down reduced anxiety-like behaviors in the elevated plus maze.
• Amygdalar CCK knock-down decreased depressive-like behaviors in the forced swim. Mice were bilaterally injected into BLA with either AAV 2 -shCCK (grey bars and circles) or AAV 2 -shScramble (white bars and circles) viral vectors and tested in the FST. AAV 2 -shCCK-injected mice showed reduced despair-like behavior in both Cohort 1 (A) and Cohort 2 (B) as evaluated by percentage of immobility time during the 6 min test, time course of immobility in 2 min bins (seconds) and latency to the first immobility episode (seconds). For Cohort 2, data from repeated FST on day 1 and 2 are shown. All results are expressed as mean ± SEM. Black stars, individual comparisons between shRNA; asterisks, global time courses comparisons between shRNAs; white stars, comparisons between days. ★p<0.05, ★★p<0.01, ★★★p<0.001, **p<0.01, ***p<0.001, ✩✩p<0.01, ✩✩✩p<0.001 (one-and two-way ANOVA; n=10-11 mice/group in cohort 1, 9-10 mice/group in cohort 2). Mice were bilaterally injected into BLA with either AAV 2 -shCCK (grey bars) or AAV 2 -shScramble (white bars) viral vectors, subjected to a chronic morphine regimen and naloxone-precipitated withdrawal. The global withdrawal score is shown ((horizontal activity + rearings + scratches + genital licks + head shakes + wet dog shakes + grooming) × 0.5 + (jumps + front paw tremors + sniffings) × 1 + (body tremors + ptosis + teeth chattering + piloerection) × 1), expressed as mean ± SEM. Naloxone-precipitated withdrawal did not differ between the two groups. ★★★p<0.01 (two-way ANOVA; n= 4 mice/group). 
